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Abstract 
This paper demonstrates several new methods for computing acoustic signals from helicopter rotors in hover and forward 
flight. Aerodynamic and acoustic solutions in the near field are computed with two different finite-volume flow solvers for 
the Euler equations. A solution-adaptive unstructured-grid Euler solver models a rotor in hover while a more conventional 
structured-grid solver is used for forward flight calculations. A nonrotating cylindrical surface is then placed around the 
entire rotor system. This surface moves subsonically with the rotor hub in forward flight. The finite-volume solution is 
interpolated onto this cylindrical surface at every time step and a Kirchhoff integration propagates the acoustic signal 
to the far field. Computed values for high-speed impulsive noise in hover and forward flight show excellent agreement 
with experimental data. Results from the combined finite-volume/Kirchhoff method offer high accuracy with reasonable 
computer resource requirements. 
Keywords: Helicopter aerodynamics and acoustics; Computational fluid dynamics; Kirchhoff integration; Dynamic mesh 
adaption; Structured and unstructured grids; Rotor in hover and forward flight 
1. Introduction 
Noise reduction is a major objective of the designers of future civilian and military rotorcraft. This 
is particularly important for aircraft that operate in urban areas. Accurate prediction of helicopter 
noise is the first step in its reduction and control. 
Helicopter aerodynamic and acoustic simulations present several challenges for conventional com- 
putational fluid dynamics (CFD) methods. One major difficulty is that rotor wakes and acoustic 
waves require high resolution in localized regions that extend far out from the rotor blades. It is 
difficult to create computational grids to resolve these phenomena without exceeding the capacity of 
even the largest supercomputers. 
This paper presents innovative solutions to this problem by using combinations of CFD simu- 
lations and Kirchhoff integral methods to predict helicopter noise. The CFD methods are used to 
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compute nonlinear acoustic signals close to the rotor blades. The flowfield solution is then interpo- 
lated onto a cylindrical surface that completely encloses the rotor and hub. A Kirchhoff integration 
is performed over this surface and the acoustic signals are propagated to the far field with minimal 
dissipation. The Kirchhoff integration is computationally much more efficient han its CFD counter- 
part but it lacks the ability to capture nonlinear acoustic phenomena. This does not usually cause 
a problem as long as the cylindrical surface is located a few chord lengths away from the rotor 
blades. Beyond this distance, the speed of sound is essentially a constant and the linear assump- 
tion in the Kirchhoff model does not cause a loss in accuracy. The overall scheme is an excellent 
compromise for predicting helicopter noise. The CFD method accurately captures the near-field 
transonic flow nonlinearities, while the Kirchhoff integration is computationally efficient over large 
distances. 
Two different CFD simulations are used in this paper. For hovering rotors, a solution-adaptive 
unstructured-grid method simulates the near-field aerodynamics and acoustics. Grid points are added 
and/or deleted locally to improve the resolution of the acoustic flowfield features. An error indicator 
determines where to refine and/or coarsen the mesh. The result is a mesh that is optimized to capture 
acoustic signals that propagate from the rotor blades. The second CFD method is a more traditional 
structured-grid Euler solver for helicopter aerodynamics. This method is used for rotor blades in 
forward flight. Solutions from both CFD methods are combined with the Kirchhoff integration to 
predict rotor noise at a variety of observer locations. These results are compared with experimental 
data for model-scale helicopter rotors. 
2. Solution-adaptive unstructured-grid CFD method 
Strawn and Barth [12] describe the unstructured-grid CFD solver that is used for the hover 
problems in this paper. The code computes olutions to the Euler equations that model the nonlinear 
aerodynamic and acoustic fields near the rotor blade. The solver is a rotary-wing version of the three- 
dimensional finite-volume upwind method originally developed in [2]. It solves for the unknowns at 
the vertices of the mesh and satisfies the integral conservation laws on nonoverlapping polyhedral 
control volumes surrounding these vertices. Improved accuracy is achieved by using a piecewise 
linear reconstruction of the solution in each control volume. The Euler equations are written in an 
inertial reference frame so that the rotor blade and grid move through stationary air at the specified 
rotational and translational speeds. Fluxes across each computational control volume are computed 
using the relative velocities between the moving grid and the stationary far field. Tetrahedral elements 
are used to discretize the computational domain. The resulting unstructured grid facilitates the local 
insertion and deletion of mesh points. The code uses an explicit algorithm with local time stepping 
in order to speed convergence to steady-state r sults. 
The computational cases for hovering rotors presented in this paper simulate the model-rotor 
acoustics experiment of Purcell [8]. In that test, a 1/7th scale model of a UH-1H rotor blade was 
run over a range of hover-tip Mach numbers, Mt~p, from 0.85 to 0.95. These rotor speeds produce 
strong aerodynamic shocks at the blade tips and an annoying pattern of high-speed impulsive noise. 
Microphones were placed at four radial locations to record the acoustic signals. The model-rotor 
blades were untwisted and run in a nonlifting configuration. This makes the problem symmetric 
about the plane of the rotor and eliminates the need to model the wake system. The computations 




Fig. 1. View of the initial tetrahedral mesh boundaries for Mtip = 0.95. 
in this paper are similar to those reported in [13]; however, an improved mesh refinement strategy 
leads to better esults. 
Because of the symmetry in the experimental test problem, the computational domain can be 
reduced by a factor of two. Only the region above the plane of the rotor needs to be modeled 
in the CFD grid, The initial tetrahedral grid for this problem is constructed by first generating a 
conventional structured mesh. Grid points off the blade tip are concentrated along the expected path 
of the acoustic wave. Each hexahedron i this structured grid is then subdivided into five tetrahedra. 
The resulting tetrahedral grid serves as a base mesh for the initial solution and subsequent local 
mesh refinements. 
A view of the initial tetrahedral mesh is shown in Fig. 1. The rotor blade has an aspect ratio of 
13.71 and the outer radial boundary of the grid is set at 27.42 chords. The grid extends 1.5 blade 
radii above the rotor blade. The initial mesh has 13 967 nodes, 60968 tetrahedra, nd 6818 triangular 
boundary faces. A solution is computed on this coarse mesh and the results are used to determine 
where to locally refine the grid for improved accuracy. 
Mesh adaption is performed using the scheme described in [3]. The code has its data structure 
based on edges that connect he vertices of a tetrahedral mesh. This means that each tetrahedral 
element is defined by its six edges rather than by its four vertices. This edge data structure makes 
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Fig. 2. Three types of subdivision are permitted for a tetrahedral element. 
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Fig. 3. Sample edge-marking pattern for element subdivision. 
the mesh adaption procedure compatible with the Euler solver [12] as well as facilitates efficient 
refinement and coarsening. At each mesh adaption step, tetrahedral elements are targeted for coars- 
ening or refinement by computing an error indicator for each edge. Edges whose error values exceed 
a user-specified upper threshold are targeted for subdivision. Similarly, edges whose error values lie 
below another user-specified lower threshold are targeted for removal. 
Only three subdivision types are allowed for each tetrahedral element and these are shown in 
Fig. 2. The 1:8 isotropic subdivision is implemented by adding a new vertex at the mid-point of 
each of the six edges. The 1 : 4 and 1: 2 subdivisions can result either because the edges of a parent 
tetrahedron are targeted anisotropically or because they are required to form a valid connectivity for 
the new mesh. When an edge is bisected, the solution vector is linearly interpolated at the mid-point 
from the two points that constitute the original edge. 
Mesh refinement is performed by first setting a bit flag to one for each edge that is targeted for 
subdivision. The edge markings for each element are then combined to form a binary pattern as 
shown in Fig. 3 where the edges marked with an R are the ones to be bisected, Once the edge 
marking is completed, each element is independently subdivided based on its binary pattern. Special 
data structures are used in order to ensure that this process is computationally efficient. 
Mesh coarsening also uses the edge-marking patterns. If a child element has any edge marked 
for coarsening, this element and its siblings are removed and their parent element is reinstated. The 
parent edges and elements are retained in the data structure so they do not have to be reconstructed. 
The reinstated parents have their edge-marking patterns adjusted to reflect that some edges have 
been coarsened. The parent elements are then subdivided based on the new patterns by invoking the 
mesh refinement procedure. 
The mesh adaption procedure for this problem uses the mesh quality logic described in [4]. This 
strategy ensures that the quality of the tetrahedral mesh does not deteriorate after many levels of 
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subdivision. Poor mesh quality is defined as a grid deficiency that leads to inaccurate flowfield 
solutions. Poor quality meshes can have disparate lement sizes, large face angles, and high vertex 
degrees. The degree of a vertex is defined as the number of edges that are incident upon it. 
The mesh quality strategy in [4] prevents these problems, but generally results in an isotropically- 
refined mesh. It assumes that the initial mesh has high quality, and that as long as the tetrahedral 
elements are subdivided isotropically, subsequent refined meshes will retain this quality. This is 
ensured by never refining a tetrahedron that was subdivided anisotropically. If such a tetrahedron 
needs to be refined, it must first be coarsened back to its parent. The disadvantage of this strategy 
is that meshes that are isotropically refined do not use grid points as efficiently as anisotropic 
meshes when directional flow features are present. However, the guarantee of a high-quality mesh 
is important, particularly for grids with multiple levels of refinement. 
Assuming that the number of edges is six times and that the number of tetrahedral elements is 
five times the number of vertices, the adaption algorithm requires 160 integers per node beyond 
the storage that is directly required by the Euler flow solver. This number does not include the 
storage overhead for retaining the parent elements and edges. This overhead increases with the 
number of refinement levels and is typically about 15% after three adaption steps. The estimate also 
does not include the storage requirements for the boundary faces because it is negligible for large 
three-dimensional problems. 
3. Structured-grid CFD method 
At present, the solution-adaptive Euler solver is not well-suited for unsteady calculations because 
the explicit algorithm limits the method to very small global time steps. An implicit solver elim- 
inates this restriction but requires much more computer memory than its explicit counterpart. This 
problem is avoided in this paper by using a structured-grid Euler solver for the time-accurate for- 
ward flight calculations. The structured-grid method lacks a dynamic mesh adaption capability, but 
its factored implicit solution algorithm can be run on conventional machines with reasonable storage 
requirements. 
The structured-grid Euler solver used in this paper is called TURNS (i.e., transonic unsteady 
rotor Navier-Stokes) [ 11 ]. It solves the thin-layer Navier-Stokes equations around rotating helicopter 
blades using an algebraic turbulence model. Since viscous effects are small for the test cases in this 
paper, the code is run in an inviscid Euler mode. The numerical algorithm spatially differences the 
flux terms using a Roe upwind-biased scheme for all three coordinate directions with third-order 
MUSCL-type limiting to model shocks accurately. The method advances the solution in time using 
the LU-SGS implicit scheme as described in [11]. The TURNS code has been previously used in 
[1] to compute the acoustics of nonlifling rotors in forward flight. However, Baeder did not couple 
his calculations to a Kirchhoff method, and his results are therefore limited to the near field around 
the blade. 
The forward flight computations in this paper simulate the 1/7th scale model of US Army AH-1 
rotor blades tested by Schmitz et al. [9]. The blade aspect ratio is 9.22 and a variety of advancing- 
tip Mach numbers, Mat, were tested, including 0.837. The rotor thrust coefficient was 0.0054 for 
this case. The computational model neglects this rotor thrust and assumes a nonlifting rotor. This 
assumption simplifies the analysis since the rotor wake does not have to be modeled in the CFD 
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solution. In general, this is a complex task and is not the focus of this paper. The justification for 
neglecting the rotor thrust is that helicopter high-speed impulsive noise is generally insensitive to 
the thrust. This has been experimentally documented in [9, 10]. The nonlifting assumption has little 
effect on the computed results as long as the acoustic comparisons are restricted to the plane of the 
rotor. 
As in the hover case, a symmetry condition can be used for the nonlifting configuration. This 
means that the solution need only be computed over half the computational domain. The initial 
structured grid for this case looks similar to the one shown in Fig. 1. However, in forward flight, 
the acoustic waves move relative to the blade. Thus, the grid points cannot be concentrated asclosely 
along the expected path of acoustic radiation. 
The computational grid consists of 50 C-type meshes that are stacked in the radial direction. 
Twenty of these C-meshes are located on the blade surface. Each C-mesh contains 68 points along 
the upper surface of the rotor chord and 35 points normal to the rotor surface. A quasi-steady starting 
solution is first computed with the rotor blade fixed at 0 ° azimuthal angle. Once the starting solution 
is obtained, the blade begins to rotate and the aerodynamic and acoustic fields are computed in a 
time-accurate manner. 
4. Linear Kirchhoff formulation 
As previously mentioned, a Kirchhoff integration is used to propagate the acoustic signal to the 
far field in a computationally efficient manner. The classical Kirchhoff integral formulation dates 
back more than a century and has, more recently, been generalized for moving surfaces by Farassat 
and Myers [5]. Their formula for a translating surface is given by 
p(x,t) = ~ Irl(1 ~Mr)  + r2(1 ---~l//r)J ~ dS, (1) 
where 
E,  = - 1 )P .  + M.M,  . 
M.P, (cos 0 - M.)P, 
a~ a~(1 -Mr )  ' 
(2) 
( 1 - M 2 )(cos 0 - Mn) 
E2 = (3) 
(1 -Mr )  2 
This Kirchhoff surface is assumed to be moving with Mach number M. The distance between 
a point on the Kirchhoff surface and the observer is given by Irl. M. and Mr are the compo- 
nents of M along the local surface normal n and the radiation direction r. Mt is the velocity 
vector tangent o the Kirchhoff surface and V2P is the gradient of the pressure on the Kirch- 
hoff surface. The freestream speed of sound is assumed uniform at a~, and 0 is the angle be- 
tween n and r. Also, note that the entire integral in (1) must be evaluated at z, the time of 
emission of the acoustic signal. This formulation assumes that the surface is rigid and has only 
steady translational motion. Additional terms that are required to account for surface deforma- 
tion or rotational motion are given in [5]. The simplified expression for E2 in (3) has been taken 
from [7]. 
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Fig. 4. Schematic for the calculation of the emission time and the interpolation from the CFD solutions for the pressure 
data. 
A key feature of this Kirchhoff formulation is that the surface translates with the rotor hub, but 
does not rotate with the blade. This ensures that the motion of the Kirchhoff surface is subsonic at 
all times. Subsonic surface motion is an important assumption i  (1) and can easily be violated if 
the Kirchhoff surface is allowed to rotate with the high-speed moving blades. 
For the calculations in this paper, a cylindrical Kirchhoff surface is placed around the rotor 
blades. Eq. (1) is then integrated over this surface. Strictly speaking, the Kirchhoff surface should 
completely enclose the rotor blades, but the top and bottom surfaces are neglected here. They are 
located so far above and below the rotor plane that their contributions to high-speed impulsive noise 
are negligible. Most of the noise propagates in the plane of the rotor for the test cases in this 
paper. 
Eq. (1) solves for the acoustic signal in the time frame of an observer located outside the 
Kirchhoff surface. However, to obtain this acoustic signal, the pressure and its derivatives on the 
surface must be evaluated at the time the signals were emitted. This is accomplished by first finding 
the delay between the observer time, t, and the emission time, r, for every point on the Kirchhoff 
surface. 
This delay can be determined from Figs. 4(a) and (b) by noting that the time it takes the 
acoustic signal to travel from the Kirchhoff surface to the observer is equal to the time it takes the 
translating Kirchhoff surface to move the distance, d. These times are given as [rl/ao~ and dao~/lMI, 
respectively. Equating these times leads to a quadratic equation for the required time delay. One of 
the roots is nonphysical and can be discarded. The locations of the Kirchhoff surface and the rotor 
blade at the emission time, z, can then be computed. Once the geometry is established at z, the 
acoustic pressures and their derivatives on the Kirchhoff surface are interpolated from the stored CFD 
solutions (cf. Fig. 4(c)). Since the CFD solutions are stored at discrete time steps on the Kirchhoff 
surface as two-dimensional quadrilateral meshes, the required pressure data are determined by linear 
interpolation i time and space. 
This procedure must be performed for every discrete integration point on the Kirchhoff surface. 
The azimuthal points are equally spaced to enclose both rotor blades. The vertical extent of the 
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Kirchhoff surface is + 1.5 rotor radii, the same as that for the CFD grid. The point spacings in this 
direction are exponentially stretched from the plane of the rotor to the outer boundaries. 
5. Computational results 
Numerical results are computed with the solution-adaptive explicit Euler solver for a high-speed 
hovering rotor with Mti p = 0.95. A solution is first obtained on the coarse grid shown in Fig. 1. 
This required 1000 time steps and approximately 16.3 CPU minutes on a Cray C-90 computer. The 
resulting solution is then used to compute error indicators for the refinement and coarsening steps 
that follow. The unstructured-grid Euler solver requires 140 words of in-core memory per node and 
about 70 ~ts of C-90 CPU time per node per iteration. 
Since we are interested in computing acoustic pressure signals, we have chosen pressure dif- 
ferences across edges of the mesh to indicate flowfield regions that require mesh adaption. This 
error indicator works well on the blade surface and near the blade tip; however, it does not 
adequately target the far-field acoustic wave for refinement. This is because the strength of a 
high-speed impulsive noise signal decreases rapidly as it gets farther away from the blade tip. 
In fact, the acoustic amplitude has been shown [6] to attenuate roughly as 1/r beyond the blade 
tip, r being the radial distance from the rotor hub. In order to ensure that the relative error in 
the acoustic signal is evenly distributed at all radial locations, the pressure-based rror indica- 
tor must be more heavily weighted away from the rotor blade. This is accomplished by first 
computing the ratios of the acoustic amplitude at the blade tip to the acoustic amplitudes at 
various radial distances away from the blade tip. A straight-line curve fit of these ratios leads 
to 
[Pm~n(r)-P~l = l+X - 1 , r~R,  (4) 
where R is the radial tip location and K is a constant that is determined from the computed solution 
on the mesh that is ready to be adapted. The error estimates off the tip are then scaled by this 
ratio in order to make the relative error in the acoustic signal uniform throughout the computational 
domain. Our scaled error indicator Ee can then be written as 
lAP I if r<~R, 
Ee= [AP[{ I+K(R_ l l}  if r>R, (5) 
where lAP[ is the pressure difference across an edge and is nondimensionalized by freestream density 
and speed of sound squared. A more detailed description of this procedure is given in [13]. 
Three levels of mesh refinement and two levels of mesh coarsening are performed for this 
case. The constant K in (5) was determined to be 17 from curve fits on the meshes to be 
adapted. The flow solver is run for 500 time steps between refinement stages. The final mesh 
refinement adds approximately 67 000 new nodes to the mesh and requires 31 CPU seconds on 
the Cray C-90. The resulting grid contains 140419 nodes, 783 164 tetrahedra, and 20546 trian- 
gular boundary faces. Approximately 2.8 h of C-90 CPU time were required to run 1000 time 
steps of the flow solver for the final solution. The third refinement stage almost doubled the 
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Fig. 5. Final mesh and computed pressure contours in the rotor plane for mtip = 0.95. 
mesh size and required about 3.1 times the amount of CPU time needed for one time step of 
the Euler flow solver. This is acceptable considering that the adaption procedure does not vec- 
torize and that the mesh was essentially doubled in size. A close-up of the final grid and com- 
puted pressure contours in the rotor plane are shown in Fig. 5. The mesh has been refined to 
capture both the surface shock and the resulting acoustic wave that propagates to the far field. 
Numerical dissipation of this acoustic wave is kept to a minimum throughout the computational 
domain. 
The final unstructured-grid solution is interpolated onto a 4000 x 151 Kirchhoff surface, a portion 
of which is shown in Fig. 6(a). The surface is located at 1.4 blade radii, which is close enough to 
the blade tip to minimize numerical dissipation but far enough to be outside the nonlinear flowfield 
region. Note from Fig. 6(b) that the amplitude of the acoustic pressure drops off very rapidly away 
from the plane of the rotor blade. Also, the acoustic pulse bends backward, causing a phase shift 
between the in-plane and out-of-plane noise signals. 
Fig. 7 shows the computed acoustic pressures at 3.09 radii that have been evaluated with the 
Kirchhoff formula in (1). They are compared to in-plane experimental data from [8]. The agree- 
ment is generally good, although the peak negative pressure is overpredicted by about 300 Pa. 
This is, most likely, due to the fact that viscous effects are ignored in the calculation. Shock- 
boundary layer interactions on the blade surface would tend to weaken both the shock wave and 
the resulting acoustic signal. A slight decrease in shock strength would bring the prediction into 
much better agreement with the experimental data. The overall shape of the acoustic signal is 
very close to that of the experiment however, particularly in its asymmetric and impulsive 
characteristics. 
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Fig. 6. Portion of Kirchhoff surface and interpolated nondimensional pressure contours for Mti p = 0.95. Not every point 
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Fig. 7. Computed and experimental coustic pressures at 3.09 rotor radii in the rotor plane for Mtip ---- 0.95. 
Predictions for out-of-plane noise at 3.09 radii are shown in Fig. 8. Experimental data is not 
available out of  plane, but the computed results can be used to illustrate some characteristics 
of  high-speed impulsive noise. There is a dramatic drop off in amplitude as one moves away 
from the plane of  the rotor blade. An out-of-plane angle of  only 20 ° leads to an 80% decrease 
in the amplitude of  the acoustic pressure. There is also a small phase lag which is consistent 
with the fact that the pressure contours bend back out of  the rotor plane as shown 
in Fig. 6. 
The forward flight case was simulated with the TURNS code. This test case has Mti p ~ 0.665 and 
an advance ratio of  0.258 that corresponds to Mat --- 0.837. The code is initially run in the quasi- 
steady mode to determine a starting solution at 0 ° azimuthal angle. This requires 1800 iterations 
and approximately 24 CPU minutes on a Cray C-90 computer. The unsteady time marching is then 
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Fig. 8. Computed  acoust ic  pressure  at 3.09 rotor  radi i  out o f  the rotor  p lane for  Mt~p = 0.95. 
begun with each time step corresponding to 0.25 ° of blade azimuthal angle. Approximately, 1 h of 
C-90 CPU time is required to complete a full 360 ° of rotor motion. The TURNS code uses 5.5 
megawords of in-core memory for the 68 × 50 × 35 computational mesh. 
The TURNS code has been modified so that the acoustic pressure, P, as well as its normal 
and temporal derivatives, P, and Pt, are computed at each time step. Note that the Pt derivative 
must be computed in the nonrotating reference frame so that it is compatible with the nonrotating 
Kirchhoff surface. Pressure values on the Kirchhoff surface are written out to a file at 1 ° intervals of 
azimuthal angle. This time-dependent database is then used to perform the Kirchhoff integration in 
(1) to compute the far-field acoustic pressures. The Kirchhoff surface is again located at 1.4 blade 
radii, and is discretized into a 1440 × 50 mesh above the symmetry plane of the rotor. The pressure 
data on the Kirchhoff surface needed for the integration is obtained by linear interpolation i  space 
and time from the CFD database. 
Fig. 9 compares the computed acoustic pressures to the wind tunnel experimental data. Three 
microphones are located at 3.44 rotor radii and a fourth at 6.88 radii. All four microphones are in 
the plane of the rotor blade. The computations show good agreement with experiment in both the 
amplitude and the shape of the signal. Results indicate that most of the noise is radiated toward the 
advancing side of the rotor blade and that there is a significant drop-off on the retreating side of the 
blade. The computed acoustic pressure signals consist of 24 evaluations of the observer pressure at 
different observer times. This requires a total of approximately 12 CPU minutes on the Cray C-90 
to obtain the complete acoustic signal at each observer location. At large distances from the rotor 
blade, this is orders of magnitude less than the time that would be required to compute a pure CFD 
solution for the same location. 











rm76-s~ ...... ( ) .............. 
(4) 
3'0 5'0 6'0 7'o 
~'-20 
- J .6o| 
-80~ ~ 
250 260 2"10 280 290 300 200 2i0 2i0 230 240 250 
Blade azimuthal ngle (deg) Blade azimuthal ngle (deg) 
Fig. 9. Computed and experimental coustic pressures at 3.44 and 6.88 rotor radii in the rotor plane for Mat : 0.837. 
6. Summary 
This paper demonstrates two applications of a CFD/Kirchhoff method for computing high-speed 
impulsive noise from helicopter otor blades. The CFD method accurately models the nonlinear 
effects near the blade surface and a Kirchhoff integration propagates the near-field acoustic signals 
to the far field in a computationally-efficient manner. A key feature of the Kirchhoff formulation is 
the use of a nonrotating surface that ensures that its motion is always subsonic. 
The hovering rotor simulation used an unstructured-grid solution-adaptive CFD method in the 
near field. This method requires more computational effort than its structured-grid counterpart, but it 
achieves a higher resolution of the shock wave at the blade tip. Both the fixed-grid structured mesh 
and the solution-adaptive unstructured mesh calculations how good agreement with experimental 
data. However, the solution-adaptive approach is more general, and probably more useful when 
computing tip shapes where the trajectory of the acoustic wave off the blade tip is not known in 
advance. 
Close to the blade tip, computed results for both methods compare well with experimental data for 
model rotor blades. The major advantage of the CFD/Kirchhoff method over pure CFD calculations 
occurs in the far field. Pure CFD calculations are generally limited to computational domains of 
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about four rotor radii while the combined CFD/Kirchhoff method can compute acoustic signals at 
arbitrary observer locations with minimal numerical dissipation. 
Although the CFD/Kirchhoff method is demonstrated for cases of high-speed impulsive noise in 
hover and forward flight, it should also be useful for computing blade-vortex interaction oise. The 
major challenge for such calculations will be the accurate modeling of the rotor wake system in the 
CFD solver. 
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